We present a new release of the program iHixs. This easy-to-use tool allows to derive state of the art predictions for the inclusive production cross section of a Higgs boson at hadron colliders in the gluon fusion production mode. This includes the most up-to-date corrections in perturbative QCD and electro-weak theory, effects due to finite quark masses as well as an option to perform threshold resummation. In particular, exact perturbative QCD corrections through N 3 LO are included in the heavy top quark effective theory. Furthermore, iHixs contains automatic routines that allow to assess residual uncertainties on the prediction for the Higgs boson production cross section according to well established standard definitions. iHixs can be obtained from https://github.com/dulatf/ihixs.
Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) at CERN by ATLAS [1] and CMS [2] heralded the beginning of the age of Higgs boson measurements. The newly found boson represents a window into an entirely new sector of particle physics. The exploration of the properties of the Higgs boson sheds light on its nature and provides a potent tool for the investigation of possible physics beyond the Standard Model (SM) of particle physics. The rapidly increasing amount of collected data lead to a swift transition from discovery to precision measurements of the features of the Higgs boson. Attributes like the mass, the spin or the parity of the newly found boson have been determined already to astounding levels of precision and seem in remarkable agreement with the SM.
One of the most essential observables in Higgs boson phenomenology is the probability to produce a Higgs boson in the collision of protons. This quantity allows on its own for a stringent test of the SM and is key for the extraction of coupling constants. In this article we present a numerical tool, iHixs, that allows to predict the inclusive production cross section of a Higgs boson at a hadron collider. Specifically, we focus on the dominant mechanism to produce a Higgs boson: gluon fusion. The explicit aim of this article is to unite all state of the art contributions to the inclusive Higgs boson production cross section in a single numerical code. The theoretical foundation of this program was presented in ref. [3] that includes a critical assessment of all contributions and their respective uncertainties (see also refs. [4, 5] ).
The Born level cross section for the production of a Higgs boson through the fusion of two gluons via a top quark loop was derived long ago in ref. [6] . Perturbative corrections to the leading order (LO) cross section were subsequently discovered to be sizeable. The largest effect is due to QCD corrections. Such corrections can in a first approximation be computed in an effective theory (EFT) where the top quark is considered to be infinitely heavy [7] [8] [9] [10] . EFT corrections were computed at next-to-LO (NLO) in ref. [11] , at next-to-next-to-LO (NNLO) in refs. [12] [13] [14] and at next-to-next-to-next-to-LO (N 3 LO) in refs. [3, 15, 16] . In order to achieve predictions at the level of precision required for the comparison with experimental measurements it is of paramount importance to improve pure effective theory predictions through the inclusion of effects due to finite quark masses. NLO QCD corrections in the full SM were computed in refs [17, 18] . Beyond NLO only approximate results in terms of a power series of the cross section in inverse powers of the top quark mass are available at NNLO [19, 20] . Corrections due to electro-weak effects were computed in refs. [21] [22] [23] [24] and even mixed QCD-electro-weak effects were approximated in refs. [25, 26] . iHixs combines all the above effects in one single tool and allows to study their impact on the inclusive production probability of a Higgs boson at the LHC in detail.
Until recently, N 3 LO QCD corrections derived in the heavy top quark EFT were based on a so-called threshold expansion of the partonic cross section. Recently, exact results for these N 3 LO cross sections became available [16] and we include them for the first time in a numerical code that allows to derive predictions for LHC phenomenology. In particular, this allows us to further improve on the prediction of ref. [3] for the Higgs boson cross section and we update the current state of the art prediction.
In order to derive reliable predictions for LHC phenomenology a critical appraisal of residual uncertainties on the Higgs boson production cross section is vital. A careful analysis of such sources of uncertainty was carried out in ref. [3] and iHixs includes automatic routines that follow the prescriptions outlined therein to quantify these uncertainties. We identify as sources of uncertainty the truncation of the perturbative QCD and electro-weak expansion, the approximation of finite quark mass effects and the imprecise knowledge of the value of coupling constants and parton distribution functions.
While previous versions of iHixs [27, 28] allowed already to derive predictions for the inclusive Higgs boson production cross section the new version presented in this article is distinct in several new features. The heavy top quark EFT QCD corrections are now included exactly through N 3 LO, threshold resummation can be performed automatically through N 3 LL using classical QCD techniques [3, 29, 30] or soft-collinear effective theory (SCET) [31, 32] , and uncertainties of the Higgs boson cross sections can be automatically assessed according to the standards defined in refs. [3, 4] .
This article is structured as follows. In section 2 we introduce the main definitions of the ingredients of iHixs and explain them in some detail. Next, in section 3 we discuss sources of residual uncertainties on the Higgs boson cross section and outline how they are estimated in iHixs. In section 4 we derive state-of-the-art phenomenological predictions for the Higgs boson production cross section at hadron colliders. Subsequently, we present a detailed manual of iHixs in section 5. Finally, we conclude in section 6.
Set-Up
In this article we present the numerical tool iHixs that allows for the computation of the probability to produce a Higgs boson in the collision of protons via the gluon fusion production mode
(1) P 1 and P 2 are the momenta of the colliding protons and p h the momentum of the Higgs boson. In collinear factorization, the hadronic Higgs boson production cross section can be written as
(2) Here, we factorize long and short range interactions into parton distribution functions f i (x) and partonic cross sections σ ij . The momenta of the colliding partons are related to the proton momenta through the momentum fractions
The sum over i and j ranges over all contributing partons. Furthermore, we define the variablez = 1 − z. The partonic cross section σ depends on the factorization scale µ F and the renormalization scale µ R . The parton distributions are extracted from experimental measurements by various groups [33] [34] [35] [36] [37] and are accessed in our program via the LHAPDF framework [38] . Our partonic cross sections include a large variety of effects that combined allow for the currently most precise prediction of the inclusive Higgs boson production cross section.
Let us begin by defining our master formula for the partonic cross section before we explain it in detail later.
We define the combined Wilson coefficient,
Here C QCD is the QCD Wilson coefficient, matching the heavy top quark EFT to QCD with finite masses and λ EWK is an effective Wilson coefficient incorporating electroweak corrections. iHixs enables the user to choose which of the contributions in eq. (4) and eq. (5) should be taken into account in cross section predictions. In the following we will discuss the individual contributions.
Effective Theory
Perturbative corrections in QCD are known to be large and thus of significant importance for hadron collider phenomenology. The gluon fusion production cross section is loop induced process and the computation of high order corrections is consequently rather difficult. A very successful strategy to approximate higher order QCD corrections is the computation of perturbative corrections within an effective theory (EFT) where the top quark is considered to be infinitely heavy and all other quarks to be massless [6, [39] [40] [41] . This effective theory is described by the Lagrangian density
where H is the Higgs field, G a µν is the gluon field strength tensor and L SM,5 denotes the SM Lagrangian with n f = 5 massless quark flavours. The Wilson coefficient C QCD is obtained by matching the effective theory to the full SM in the limit where the top quark is infinitely heavy [7] [8] [9] [10] . It is implmeneted in iHixs through three loops, in both the on-shell scheme as well as the MS-scheme. The corrections to the partonic cross section in the effective theory at NLO [11] , at NNLO [12] [13] [14] and at N 3 LO [3, 15, 16] are currently available and implemented in iHixs.
The partonic cross sections σ N n LO, EFT ij in eqn. (4) correspond to the corrections obtained in this effective theory at order n after factoring out the Wilson coefficient C QCD . Higher order corrections to the cross section, due to perturbative corrections to the Wilson coefficient, can then be taken into account consistently by including the corrected Wilson coefficient from eq. (5). The leading order cross section in the effective theory is given by
Where, n c is the number of colours. The Dirac delta function δ(1 − z) acts as a distribution on the parton distribution functions.
Mass Effects at LO and NLO
In the full standard model with finite quark masses, the leading order cross section in the gluon fusion production mode, mediated by massive quark loops, is given by,
with
Here, m q and Γ q are the mass and the width of the quark with flavour q. The Y q are anomalous rescalings of the Yukawa couplings that are identically one in the Standard Model, but might deviate from unity in beyond the Standard Model scenarios. A(τ q ) is the famous loop factor defined as
In the limit of infinite or vanishing quark mass we find that
Our normalisation was chosen such that if we are sending the top quark mass to infinity and set all other quark masses to zero we reproduce the effective theory cross section at LO, eq. (7) lim
In order to account for top-quark effects at LO in eq. (4) we define the ratio
The superscript t indicates that the sum over quark flavours in eq. (8) includes here only the top quark. We rescale all higher order effective theory cross sections in eq. (4) with this ratio, defining the so-called rescaled effective theory (rEFT).
Beyond the factorized corrections due to the finite top mass, at leading order, we also take into account the exact dependence on the top, bottom and charm mass through the quantity
where the second term in the above equation, containing only terms proportional to α 2 S , subtracts the LO rEFT contribution, in order to avoid double counting. The effective theory cross section is defined as
The label (t, b, c) indicates that we include corrections to the Higgs boson production cross section due to finite top, bottom and charm quark masses. Exact QCD corrections to the gluon fusion cross section with full dependence on the quark masses are known at NLO [17, 18] . We take them into account, in analogy to the corrections at LO, by defining the correction to the effective theory cross section due to quark masses at NLO,
Again, we need to subtract the rEFT corrections at the appropriate order to avoid double counting. The mass dependent NLO correction is normalized such that it vanishes in the effective theory limit. Due to the truncation of the perturbative series in the strong coupling constant at finite order, our predictions depend on the choice of renormalization scheme. iHixs offers the choice of the two most commonly used schemes, the on-shell scheme, as well as the MS scheme and incorporates the Wilson coefficients, as well as the anomalous dimensions used for quark mass evolutions in the both schemes.
Mass Effects at NNLO
Currently, corrections beyond NLO in exact QCD are unknown. In refs. [19, 20] NNLO corrections were approximated by performing an expansion of the partonic cross section in m h mt . The NNLO corrections to the cross section can then be written as
The numerically largest perturbative corrections arise due to contributions involving a gluon in the partonic initial state. We include the approximate NNLO correction due to the top quark mass in the gluon-gluon and quarkgluon channel in our partonic cross section, eq. (4), as
Electro-Weak Effects
Corrections to the Higgs boson production cross section due to electroweak physics are an important ingredient for precision predictions. The purely virtual leading corrections were computed in refs. [21] [22] [23] [24] . In accordance with the complete factorisation approach we include them in terms of a modification of our QCD Wilson coefficient. To this end, we define the quantity λ EWK to be the ratio of the leading electro-weak corrections of ref. [22] to the Born cross section and include it in eq. (5).
Corrections beyond LO in QCD and electro-weak physics are currently unknown. They were approximated in an effective theory of infinitely heavy W and Z bosons and top quark in ref. [25] . In this approach the electroweak gauge bosons are integrated out and calculations are performed in a framework where the QCD Wilson coefficient receives a modification. The corrections in this approximation is taken into account in iHixs by including the coefficient
in eq. (5) . Recently, the mixed QCD-electroweak corrections were also approximated using the first term of a threshold expansion in ref. [26] . The obtained results are in good agreement with the approach outlined above.
Threshold Resummation
Threshold resummation involves the summation of logarithms log(1 − z) to all orders in the strong coupling expansions in the limit of z → 1. In refs. [3, 29, 30] resummation of the Higgs boson cross section to N 3 LL was presented in the conventional QCD resummation framework. In refs. [3] resummation to N 3 LL was performed in the framework of soft-collinear effective theory. Both resummation frameworks have in common that they modify the cross section beyond the fixed order accuracy, which we capture through the coefficient,
Here, σ
Res, scheme ij is the threshold resummed cross section in a certain resummation scheme. The second term in the square bracket in the above equation corresponds to the threshold resummed cross section expanded to fixed order. If we include n orders in the fixed order expansion this guarantees that we modify our perturbative cross section only at the level of N n+1 LO corrections. The first coefficient in eq (20) is implemented in iHixs in both traditional soft-gluon resummation as well as through SCET resummation and the user can choose to compute either one.
Traditional soft gluon resummation operates in Mellin-space in order to factorize the various contributions to the cross section. The cross section in eq. (2) factorizes in Mellin-space as,
with the Mellin moments,
We invert the Mellin transform in iHixs numerically by evaluating the integral,
The resummation computes σ ij (N ) by exponentiating the constant and logarithmically divergent contributions in the limit N → ∞ into the all-order resummation formula [42] [43] [44] [45] ,
The matching coefficient C gg contains terms that are constant in the limit while G H exponentiates the large logarithms. It has been computed through N 3 LL accuracy in terms of the QCD β function and the cusp anomalous dimension in refs. [29, 30, 46] . In addition to the large logarithms, various resummation schemes, exponentiate terms that are subleading in the limit N → ∞, e.g. by replacing log(N ) → ψ(N ). While these schemes are formally equivalent, they agree in the defining limit N → ∞, they introduce numerical differences due to subleading terms. Various schemes have been compared in ref. [3] and iHixs provides a selection for common choices of threshold resummation schemes.
As opposed to traditional threshold resummation, resummation in the SCET framework is directly performed in z space. Here the cross section is factorized into a hard function H and a soft functionS; the large threshold logarithms are then resummed by solving the renormalization group equations for these operators. Following refs. [31, 32] , the cross section was resummed in the SCET framework in ref. [3] . Schematically it can be written as,
Here C is the Wilson coefficient defined in eq. (5). The function U exponentiates the infrared structure and resums renormalisation group logarithms. By continuing the logarithms of the hard scale µ h to the space-like region, iHixs optionally enables the resummation of π 2 terms. We refer the reader to ref. [3] for details on the method.
In ref.
[3] the impact of threshold resummation effects were studied and found to be small beyond N 3 LO in perturbative QCD. As a consequence we consider them to be an important tool to study the impact of potential higher order corrections but do not include them in our default recommendation for cross section predictions. However, iHixs provides the option to include these effects.
Uncertainties
In the previous section we summarised ingredients for the prediction of the Higgs boson cross section at the LHC. In order to derive such predictions it is key to asses all non-negligible sources of uncertainty. iHixs allows to study such affects in great detail. A careful analysis of residual uncertainties was performed in ref. [3] and we implement the prescriptions chosen therein in our code. At the same time, iHixs provides the user with all tools neccessary to study individual sources of uncertainty and devise custom prescriptions. We briefly review the various sources of uncertainty in this section and describe our prescription to assess them quantitatively.
In ref. [3] the following sources of uncertainty were identified. Missing higher order uncertainties are referred to as δ(scale). The uncertainty due to the evaluation of the Higgs boson production cross section at N 3 LO with PDFs determined with NNLO cross sections is denoted as δ(PDF-TH). δ(EWK) indicates the uncertainty estimate for missing higher order mixed QCD and electro-weak corrections. The quantity δ(t,b,c) summarises the uncertainty due missing interference effects of top, bottom and charm quark masses at NNLO as well as the difference between different renormalisation schemes. Missing effects due to the full top quark mass dependence of the Higgs boson cross section at NNLO are estimated to introduce an uncertainty that we denote as δ(1/m t ). The fully correlated combination of these sources of uncertainty form a quantity we refer to as theory uncertainty.
Additional sources of uncertainty arise due to the imprecise knowledge of the strong couple constant (δ(α S )) and the parton distribution functions (δ(PDF)). The fully uncorrelated combination of these uncertainties is given by
In combination we define the uncertainty estimate on the prediction for the inclusive production cross section for the Higgs boson.
iHixs provides the user with routines to estimate all of the above uncertainties.
Parametric uncertainties, due to imprecise knowledge of input parameters, are below one permille relative to the inclusive cross section for all reasonable scenarios in the Standard Model. Furthermore, the size of the parametric uncertainty is mostly determined by the prior uncertainty estimate for the input parameters. If the user would like to quantify the impact of the parametric uncertainty in a particular prescription, this can be achieved straightforwardly, by simply varying the respective input parmeters within their prior across multiple invocations of iHixs.
δ(scale) -Missing Higher Orders
In iHixs perturbative corrections in QCD can be included through N 3 LO. Due to the trunctation of the perturbative series an uncertainty is introduced. In ref. [3] several options to estimate the effect of missing higher orders were explored. This analysis suggested that the size of the effect of missing higher orders can be estimated by varying the common perturbative scale
. We define
The uncertainty that is associated with neglecting missing higher order contributions is then defined as
Naturally, this prescription leads to asymmetric intervals for the uncertainty estimates.
δ(PDF-TH) -PDF Theory Uncertainties
Currently, parton distribution functions are determined by comparing cross section predictions at NNLO to physical measurements. Since iHixs can derive predictions at N 3 LO another source of uncertainty is introduced due to the missmatch to the order of the PDFs. In order to estimate this particular uncertainty we can analyse what would have happened at one order less in the same situation. To this end we determine the cross section through NNLO, σ (2), EFT P P →H+X , evaluated once with NNLO PDFs and once with NLO PDFs. The difference of these two predictions serves as our estimator of this particular uncertainty.
The factor of 1 2 serves as a suppression factor as we expect this effect to be reduced at N 3 LO relative to NNLO. Since N 3 LO predictions are only available in the EFT we estimate this effect based on predictions using EFT partonic cross sections only.
δ(EWK) -Missing Higher Order Electro-Weak Effects
In ref. [3] several options to asses the uncertainty due to missing higher order electro-weak effects were discussed. As a result an uncertainty of one percent on the total cross section was assigned.
δ(t,b,c) -Light Quark Masses and Renormalisation Schemes
In iHixs the effects of light quark masses are included exactly through NLO in QCD. In order to derive an estimate for the size of contributions due to finite light quark masses at NNLO we study how big the relative impact of light quarks on the NLO correction is. We then assume that the relative impact of the light quark masses on NNLO corrections would be equally large and use this as an estimate of uncertainty.
(33) Here, δσ t, NLO and δσ t,b,c, NLO are the NLO QCD corrections to the hadronic cross section with finite top quark mass and with finite top, bottom and charm quark mass respectively. The corrections δσ EF T, NNLO refer to contributions to the hadronic cross section due to the EFT QCD corrections at NNLO. Similarly, δσ 1/m 2 this dependence iHixs includes implementations of quark mass effects in the MS and in the on-shell scheme. In ref. [3] it was observed that choosing different renormalisation schemes for the top quark mass has negligible impact on the hadronic cross section. In contrast, light quark mass effects display a more significant dependence on the choice of the renormalisation scheme. The effects can reach up to thirty percent of these contributions. In order to derive a conservative estimate of missing higher order contributions for light quark mass effects we multiply the above uncertainty by a factor of 1.3
δ(1/m t ) -Missing Quark Mass Effects
Effects due to the approximate treatement of QCD corrections at NNLO as an expansion in inverse powers of the top quark mass were studied in refs. [19, 20] . The consensus is that a residual uncertainty of one percent should be assigned to the cross section.
3.6. δ(α S ) and δ(PDF) The estimation procedure of uncertainties due to the imprecise knowledge of parton distribution functions varies for different PDF sets. iHixs offers the possibility to automatically estimate the associated uncertainty δ(PDF) using the default LHAPDF routines if available.
Assessing the uncertainty due to the prior uncertainty on the strong coupling constant typically requires a consistent treatment of parton distribution functions along with variations of α S . The various groups providing fitted parton distribution functions recommend different procedures. In iHixs we include routines that allow to automatically derive an uncertainty due to the uncertain strong coupling input value for the PDF4LHC15 PDF set [37] at NNLO. A central value of α S (m Z ) = 0.118 is chosen and the cross section predictions are also carried out with variations of the strong coupling constant by ±0.0015 including the usage of two dedicated PDF sets. The strong coupling constant uncertainty is then given by
(36) If any other PDF set is chosen this uncertainty is not estimated automatically and the user has to follow their own procedure. 
Predictions for the LHC
In the previous sections we listed the various ingredients included in iHixs. Here, we utilise our program to demonstrate the output that can be generated and derive state of the art predictions for the inclusive production probability of a Higgs boson at the LHC due to the gluon-fusion production mechanism.
Throughout this section we use PDF4LHC15 parton distribution functions [37] at NNLO. We choose a value of the strong coupling constant of α S (m Z ) = 0.118 and a Higgs boson mass of m h = 125 GeV. The nonvanishing quark masses need to be specified at a reference scale Q 0 . We use the values given in table 1 in the MS scheme [4, 47] . To derive cross section predictions we choose µ R = µ F = m h /2 as central scales.
With a single run of iHixs we can determine that the Higgs boson production cross section at the LHC with a center of mass energy of 13 TeV is given by Here effects from perturbative QCD through N 3 LO, electro-weak interactions and finite quark masses were taken into account as described in the previous sections. Figure 1 shows the relative contributions of the the different components of the cross section as a function of the collider energy; the data for such a plot is readily obtained by running iHixs a few times for different values of the collider energy. From a single run of iHixs we also obtain estimates for the residual uncertainty on the cross section. iHixs provides detailed estimates for the various sources of uncertainty In combination we find
To derive the various sources of uncertainties we followed the prescriptions outlined above. In fig. 2 we show how the relative size of the various sources of uncertainty varies as a function of the hadron collider energy. In comparison to the numerical cross section predictions derived in ref.
[3] we observe only minor changes. The difference arise solely due to the exact computation of the N 3 LO QCD corrections in the heavy top quark effective theory obtained in ref. [16] . The deviations are well within the uncertainty that was associated with the truncation of the threshold expansion used for the results of ref. [3] . This particular source of uncertainty is now removed.
Finally, we use iHixs to derive state of the art predictions for the gluon fusion Higgs production cross section at different collider energies. We strictly follow the recommendations of [3, 4] . Figure 3 shows the state-of-the art predictions and uncertainty estimates for the inclusive cross section obtained this way compared to the prediction that is obtained without knowledge of the N 3 LO corrections. In table 2 we give the detailed numbers for the cross section and uncertainty estimates obtained with iHixs including fixed order QCD corrections through N 3 LO.
User-Manual for iHixs

Prerequisites
iHixs is computing the hadronic inclusive Higgs cross-section, and therefore it depends on the LHAPDF6 library [38] for initial state parton densities. Due to the change in the interface of the LHAPDF library from version 5 to version 6, iHixs is not compatible with LHAPDF version 5. * or lower. iHixs also depends on the C++ library Boost version 1.6 or higher 1 , which is also a dependency for LHAPDF6. Another requirement is a working version of the CUBA library of version 4.0 or higher for multidimensional integration [48] . In particular we use the implementations of the Vegas and Cuhre algorithms provided by the library.
Finally, the configuration step of the installation procedure is performed by cmake 2 .
Installation
iHixs can be obtained from https://github.com/dulatf/ihixs, either by downloading a gzipped release or cloning the repository with git using 1 git clone https :// github . com / dulatf / ihixs If all dependencies (i.e. LHAPDF6 and Cuba) are globally installed, i.e. they can be found in the library path of the system, then configuration and building is performed by where <PATH TO ihixs SRC> is the path to the directory containing the iHixs source files (i.e. containing ihixs.cpp). An executable called ihixs is then generated at the current directory, along with various configuration cache files.
If any of the dependencies are not installed globally, the paths to the respective libraries can be specified in configuration time using the -Dvar=value flags of cmake. To explicitly specify the location of all dependencies, cmake can be invoked as 1 cmake -DLHAPDF_DIR = < lhapdf main dir > -DCUB A_DIR_US ER = < cuba dir > -D BO OS T_ D IR _U SE R = < boost dir > < PATH_TO_ihixs_SRC > followed by 1 
make
A common source of installation problems in systems using the Mac OS comes from library incompatibility between one of the dependencies built by the gnu compiler gcc and iHixs build by the native LLVM compiler of Apple or vice versa. This results in a linker error. Naturally the only way to fix the issue is to ensure that all components are build by the same (or at least compatible) compilers. One can force cmake to use a particular compiler by pre-pending the paths to that compiler when invoking cmake: After compilation an extra set of executables is created in the directory src/tests. The user can verify then that the code produced passes all the tests by running them. For example 1 ./ src / tests / ihixs_eft should run various tests related to the implementation of the coefficient functions necessary for the computation of the Higgs cross section within the EFT approximation. All tests should pass and the user should recive a message similar to We have checked that iHixs compiles properly under linux with the generic gnu compiler gcc 4.8 and higher, and under Mac OS X with both gcc 4.8 and LLVM version 9.0 or higher.
Usage
Input parameters for iHixs are specified in a runcard file, as well as by command line options. There is a default runcard called default.card supplied in the distribution 4 . The user can run iHixs, using the default settings 5 by
1
./ ihixs -i default . card
In the absence of a default.card file, the program can be run with the same default settings by
./ ihixs
After half a minute or so the user should get the output 
-------------------------------------------------11 Higgs_XS = 48.0162
The main result is the Higgs boson production cross section: Higgs XS. Computation of the theory uncertainty is switched off in this default settings.
The numbers in brackets that follow the results are numerical integration errors (propagated properly for each quantity) and can be reduced by increasing the precision of numerical integration using the numerical precision options.
The full phenomenological prediction for the Higgs cross section at the LHC, at 13TeV, including all theory uncertainties, is computed by running with the pheno.card that is provided in the distribution: 
-------------------------------------------------
47 Higgs_XS = 48.6661 +3.634(7.5%) -4.725( -9.7%)
The Higgs XS and the Theory Uncertainty outputs include all the effects specified by the operational options in the runcard. Note that the total cross section Higgs XS is the sum of all the contributions of eq. 4. Moreover the uncertainties are computed as described in section 3 and combined according to eq. 26, 27 and 28.
In case of undesired modification the pheno.card can be recreated with 
Input options and variables
There are four classes of input options: operational options, input-output options, masses-and-scales options and numerical precision options. All available options with some explanation about their functionality can be found in Tables 3, 4 , 5 and 6. They can also be inspected by 1 
./ ihixs --help
All options can also be set at the command line, and if so, the value provided overwrites the one in the runcard (irrespectively of the order of command line arguments). For example one can run specifying that the output file should be new out.txt by
1
./ ihixs --o ut p ut _f il e na me new_out . txt --input_ filenam e default . card Some options that are frequently used have shorthands. These shorthands appear in square brackets at the output of ihixs --help and they should be used with a single '-'. So for example one can specify the output file using the shorthand 1 ./ ihixs -o new_out . txt -i default . card
Options related to the total theory uncertainty
Theory uncertainties are switched on by default if the corresponding contributions that give rise to these uncertainties are included in the computation: if the computation includes the quark mass effects at NLO, then the uncertainty due to the unknown NNLO mass effects is switched on (computed according to eq. 34), if electroweak corrections are switched on, so is the uncertainty due to higher order, mixed QCD-EW corrections (computed according to eq. 32), and the same is true for top mass effects at NNLO (whose uncertainty is set ad hoc to 1%, see eq. 35). The remaining uncertainties, due to the lack of N3LO parton density fits, the perturbative scale, the fits of the existing parton densities and the value of the strong coupling constant, have to be explicitly switched on, by setting to true the corresponding parameters:
with delta pdf th Activates the computation of the PDF TH uncertainty as explained in section 3.2. The PDF set used at NLO is the one specified by the input parameter pdf set for nlo. Note that no checks are performed regarding the compatibility of this PDF set with the one used for the main run, specified by pdf set. The user is, thus, responsible to select a compatible, nlo-level, PDF set.
with scale variation Activates the computation of scale uncertainty. In order not to make the run unnecessarily slow, we compute the scale uncertainty by evaluating the rescaled EFT cross section at µ = 0.25m H , µ = 0.4m H and µ = m H . With reasonable sets of input variables the cross-section takes its maximal value around µ = 0.4m H if N 3 LO QCD corrections are included. Consequently, this procedure guarantees that the scale uncertainty is very close, numerically, to that prescribed in section 3.1. At lower orders the extremal values of the cross section are found at the boundaries of the scale variation interval. If one does a scan over the scale µ it is possible to find slight differences (at the per mille level) with respect to the upper end of the uncertainty interval, because it is conceivable that the cross-section does not reach its maxiumum for µ = 0.4m H . Given that the dependence of the N 3 LO cross section on the scale µ is so mild, this effect is most of the times entirely negligible. Still, if the user wants to experiment with wildly different parameters than those corresponding to the LHC set up, they should run a proper scale scan to estimate the scale uncertainty. The deviation from the central value of the rescaled EFT cross section for both the upper and the lower end of the (very asymmetric) uncertainty band, in absolute and relative terms is quoted in the output: Note that we do not consider an independent variation of renormalization and factorization scales, a choice that is justified by the very small dependence of the cross section to the factorization scale. The user can, of course, determine their own version of scale uncertainty by explicitly setting the values for the factorization scale, muf and the renormalization scale mur, in the runcard or through the command line parameters in multiple runs.
with pdf error Activates the computation of the PDF error. This assumes that the PDF set selected, through pdf set has more than one pdf member. The computation of the PDF uncertainty is delegated to the LHAPDF library, in order to use the procedure appropriate to the selected PDF set. The observable computed using the different PDF members is the rescaled EFT cross section to N3LO. The type of uncertainty computed, specified by LHAPDF, is outputed on screen at runtime. The user sees a message like The deviation from the central value of the rescaled EFT cross section for both the upper and the lower end of the uncertainty band, in absolute and relative terms is quoted in the output:
with a s error Activates the computation of the uncertainty due to a s . This assumes that the PDF set selected, through pdf set is the PDF4LHC15 nnlo 100 pdfas set. If PDF4LHC15 nnlo 100 is declared instead, it is switched to PDF4LHC15 nnlo 100 pdfas for the purposes of estimating the a s uncertainty.
The rescaled EFT cross section is computed with members 101 and 102 of this PDF set, that correspond to fits with the value of a s at the upper and lower bound of the variation range adopted by the PDF4LHC working group. The resulting rescaled EFT cross sections, as well as the deviations from the central value of the rescaled EFT cross section in absolute and relative terms for both the upper and the lower end of the uncertainty band are quoted in the output: For example exact NLO b+c is the cross section with the bottom and charm quarks activated (including their interference terms), while the top quark is de-activated. Note that setting the mass of any quark to exactly 0.0 leads to an program error. However, using any small, positive value for the quark masses is allowed and leads to valid results. Hence one can decouple the bottom quark, for example, by setting its mass to 0.001 (all masses are in GeV). On the other hand, it is more transparent to do so by setting the corresponding Yukawa rescaling coefficient, y bot to 0.0. mt msbar, mt msbar ref scale This is an input parameter for the MS mass of the top quark and the reference scale at which this mass is defined. Similar parameters exist for the bottom and the charm quarks. The program automatically evolves the quark mass from the reference scale to the renormalization scale, defined by mur. The default values for the masses and the reference scales are described in table 1.
mt on shell This is the on-shell mass for the top quark. Similar parameters exist for the bottom and charm quarks. The default on-shell mass for the quarks are selected so that they are compatible with the default MS masses.
top scheme This determines whether the on-shell scheme or the MS scheme will be used throughout the computation. Quantities that are scheme dependent, like the NLO quark mass effects, are consistently computed depending on the choice set by this option.
gamma top The value of the top width. Similar parameters exist for the bottom and charm quarks. This is included in the LO and NLO computations by turning the quark mass into a complex parameter. The effect of non-zero width for all three quarks is below the sub-per-mille level, so the widths for all quarks are set to zero by default, for efficiency.
Results and output
Apart from the output in the standard terminal, iHixs also writes output in a more detailed format, at an output file whose name is determined by the output filename option. Note that the program will overwrite any existing file with the same name. The default output filename is ihixs output.
The output file consists of three sections. The first section is a more detailed, human-readable, version of the output that is written on screen during the calculation: The first nine lines list information about the parameters used in this run and should be self-explanatory. Afterwards, iHixs lists the results of the current run. The various values are as follows:
as at mz The value of a s (m Z ), as retrieved from LHAPDF.
as at mur The value of a s (µ r ), computed via evolution through N 3 LO from a s (m Z ) quoted one line above. mt used, mb used, mc used The value of the quark mass, m q , used in the computation. Depending on the scheme specified for each quark, this might be the on-shell mass (specified in the runcard) or the MS mass, evolved from its reference value m q (µ q ) to µ r . Both m q and µ q are also specified in the runcard (default values are recorded at Tab. 1).
R LO The ratio of the exact LO cross section to the effect theory LO cross section.
eftlo, eftnlo, eftnnlo, eftn3lo The cross section in the pure effective theory (no rescaling of the leading order) through N 3 LO.
R LO*eftlo,. . . , R LO*eftn3lo The cross section in the effective theory, multiplied by the ratio of the exact LO cross section to the effect theory LO cross section, through N 3 LO.
ggnlo/eftnlo The fraction of the EFT cross-section due to the gluon-gluon channel at NLO.
qgnlo/eftnlo The fraction of the EFT cross-section due to the quark-gluon channel at NLO.
ggnnlo/eftn2lo The fraction of the EFT cross-section due to the gluongluon channel at NNLO.
qgnnlo/eftn2lo The fraction of the EFT cross-section due to the quarkgluon channel at NNLO.
ggn3lo/eftn3lo
The fraction of the EFT cross-section due to the gluongluon channel at N3LO.
qgn3lo/eftn3lo
The fraction of the EFT cross-section due to the quarkgluon channel at N3LO.
R LO*gg channel The EFT contribution of the gluon-gluon channel rescaled by R LO.
WC
The Wilson coefficient at the current scale.
WC^2
The square of the Wilson coefficient, not truncated. sigma factorized The EFT cross-section computed in a factorized form 6 , i.e. as a product of C 2 · η.
WC^2 trunc
n The numerical value of the parton-level matrix elements, η, i.e. the EFT cross section with the Wilson coefficient set to 1.
Higgs XS The total Higgs cross section including all effects that were switched on in the current run 7 . 6 The squared Wilson coefficient, C 2 and the parton-level matrix elements η ij are computed as an expansion in a s . Normally the two expansions are combined and the result is truncated at the desired order. By 'factorized' here we mean that the cross-section is obtained by multiplying C 2 · η, without truncating, so it differs from the eftn3lo above by terms of order higher than a exact LO t+b+c The exact LO cross section including top and light quark mass effects.
exact NLO t+b+c The exact NLO cross section including top and light quark mass effects.
exact LO t The exact LO cross section including top mass effects only.
exact NLO t The exact NLO cross section including top mass effects only.
NLO quark mass effects Corrections to the rescaled EFT cross section due to mass effects, at NLO.
NLO quark mass effects / eft % % effect from light quark masses over the EFT cross section.
NNLO mt exp gg NNLO top mass effects in the gluon-gluon channel.
NNLO mt exp qg NNLO top mass effects in the quark-gluon channel.
NNLO top mass effects NNLO top mass effects.
Higgs XS Total Higgs cross section including all effects specified in the runcard.
delta tbc, delta tbc % Uncertainty due to light quark mass effects.
delta(1/m t), delta(1/m t) % Uncertainty due to top quark effects beyond NNLO.
delta EW, delta EW % Uncertainty due to EW effects.
R LO*eftnnlo (with NLO PDF) NNLO EFT cross section rescaled by R LO , computed with NLO PDFs, used in the computation of the PDF-TH error.
delta PDF-TH % Uncertainty due to missing N 3 LO PDFs.
rEFT(low), rEFT(high) minimum and maximum EFT cross section rescaled by R LO , computed within the renormalization/factorization scale interval.
delta(scale) Scale uncertainty (rescaled by R LO ) in absolute and relative terms.
delta(scale)+ pure eft Scale uncertainty for the EFT cross section (not rescaled by R LO ).
deltaPDF PDF uncertainty.
rEFT(as+), rEFT(as-) EFT cross section (rescaled by R LO ) computed with a s values at the edges of the a s uncertainty interval.
delta(as)+ Uncertainty due to a s in relative and absolute terms.
Theory Uncertainty Total theory uncertainty computed as explained in eq. 26.
delta(PDF+a s)
Combined PDF and a s uncertainty, computed as explained in eq. 27.
Total Uncertainty Total uncertainty computed as in eq. 28.
More information is displayed depending on the options activated in the current run.
This first section of output in the output file is followed by the same output as above, but written in Mathematica format, using the dictionary data structure of Mathematica. This is very helpful when iHixs is run on a cluster with many different input cards, as one would typically do to perform scans over one or more parameters. For example, if one wants to get a detailed scan over the renormalization scale, one could run in a cluster with as many cards as there are points in the scan. It is easy to write a script to collect such results and import them to Mathematica for further analysis and plotting, by means of using the dictionary data structure provided.
The next section of the output file is a list of the input parameters as they are used in the run. These might differ from parameters as they appear in the runcard, because upon running iHixs they might have been overwritten by command-line parameters. Again, this typically happens when one runs on clusters to perform a parameter scan, and instead of running with many different runcards, one choses to run with the same runcard but modifying at command line the value of some parameter. For example, to perform a scan over different values for the renormalisation scale µ R in conjunction with a runcard one could use the command The filename of the runcard used in the run can be found at the bottom of the third section of the output file.
Conclusions
In this article we presented iHixs, a comprehensive, easy-to-use tool to derive state of the art predictions for the inclusive production probability of a Higgs boson at the LHC. The source code for our tool can readily be downloaded from https://github.com/dulatf/ihixs.
The theoretical basis of our code was published in ref. [3] that details the included contributions and sources of uncertainties. In summary we include perturbative QCD and electro-weak corrections to the gluon fusion production mechanism. iHixs is the first public numerical code that includes exact QCD corrections through N 3 LO in the heavy top quark effective theory. QCD corrections with exact mass dependence are include through NLO and approximated at NNLO. Furthermore, iHixs provides the option to estimate residual uncertainties for example using the prescriptions outlined in ref. [3] . We have reviewed the essential details of the included contributions and the prescriptions to derive uncertainties.
We have demonstrated the information that can be obtained with iHixs. In particular we have derived the currently most precise predictions for the inclusive production probability for Higgs boson in gluon fusion at a hadron collider. The inclusion of exact N 3 LO QCD corrections leads to comparatively small modification of the cross section predictions obtained in ref. [3] where N 3 LO cross sections were computed using a threshold expansion. As a phenomenogical result, we have presented state-of-the art predictions for the Higgs production cross section at the LHC at different collider energies.
Furthermore, we have provide a detailed manual for the usage of iHixs, explaining how the output of our code has to be interpreted and which information can be extracted. We have discussed how the many features of our tool can be exploited by using a simple runcard system. The many features of iHixs provide the user with the ability to perform exhaustive studies of the inclusive Higgs boson production cross section at the LHC and to compare state-of-the-art theoretical predictions to measurements by ATLAS and CMS. leads to a runtime error (the program exits indicating that you have invoked Etot without specifying a value. On the other hand 1 ihixs --help works as expected, i.e. one does not need to type ihixs --help true.
After re-compiling, the option can be seen with --help and can be set either in command line or at the runcard. It can then be used within the program, wherever the UserInterface object called UI is accessible. If the parameter foo is defined and the user wants to access it as a double, he can use that the Wilson Coefficients are normalized such that the leading order coefficient c 0 = 1. Also note that one should not forget to define the AsSeries object c by using Table 3 : Operational options Etot : 13000.0 COM energy of the collider in GeV pdf member : 0 pdf member id (the range depends on the pdf set) pdf set : PDF4LHC15 nnlo 100 choose a specific pdf set name (LHAPDF6 list at lhapdf.hepforge.org/pdfsets.html). This set will be used irrespectively of order. pdf set for nlo : PDF4LHC15 nlo 100 pdf set used when computing PDF-TH error. with eft : true compute the cross section in the EFT approximation with exact qcd corrections : false true to include the exact quark mass effects at NLO, false to omit them with ew corrections : false true to include the exact quark mass effects at NLO, false to omit them with mt expansion : false include NNLO 1/mt terms with delta pdf th : false compute PDF-TH uncertainty with scale variation : false estimate scale variation (mur and muf should be at mh/2) with indiv mass effects : false compute separately light quark contributions with pdf error : false whether or not to compute error due to pdfs with a s error : false compute a s uncertainty with resummation : false include threshold resummation resummation log order : 3 0:LL, 1:NLL, 2:NNLL, 3:N3LL resummation matching order : 3 0:L0, 1:NL0, 2:NNL0, 3:N3L0 resummation type : log variant of threshold resummation, i.e. log:classical, psi, AP2log, AP2psi with scet : false include scet resummation qcd perturbative order : N3LO LO, NLO, NNLO, N3LO : ihixs will compute up to this order in a s with fixed as at mz : 0.0 set the value of a s(mZ) by hand. Beware: this might not be compatible with your pdf choice. qcd order evol : 3 used for a s and quark mass evolution 0:L0, 1:NL0, 2:NNL0, 3:N3L0 with lower ord scale var : false also compute scale variation for lower than the current order On Shell charm mass top scheme : msbar msbar or on-shell bottom scheme : msbar msbar or on-shell charm scheme : msbar msbar or on-shell y top : 1.0 factor multiplying the Yt. Set to zero to remove the top quark y bot : 1.0 factor multiplying the Yb. Set to zero to remove the bottom quark y charm : 1.0 factor multiplying the Yc. Set to zero to remove the charm quark gamma top : 0.0 width of top quark gamma bot : 0.0 width of bottom quark gamma charm : 0.0 width of charm quark Table 6 : Numerical precision options epsrel : 0.0001 cuba argument: target relative error epsabs : 0.0 cuba argument: target absolute error mineval : 50000 cuba argument: minimum points to be evaluated maxeval : 50000000 cuba argument: maximum points to be evaluated nstart : 10000 cuba argument: number of points for first iteration nincrease : 1000 cuba argument: number of points for step increase cuba verbose : 0 cuba argument: verbosity level: 0=silent, 2=iterations printed out
